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Rotational diffusion of a protein is determined largely 
by its interaction with the surrounding solvent, water. 
This interaction derives contributions from both the 
size (short-range interaction) and the charge distribu-
tion (long-range interaction) of the protein. Here we 
show that if the size and shape of the proteins are 
properly included in the hydrodynamic calculation of 
Stoke’s friction and the correctly estimated charges 
are used in the calculation of dielectric friction, then 
the combined friction provides an accurate description 
of the solvent-induced rotational friction on the proteins. 
We also discuss the effects of protein–protein interac-
tion in determining the concentration dependence of 
the rotational diffusion of proteins. 
 
Keywords: Frictional forces, hydration layer, protein ro-
tational diffusion, water. 
 
SEVERAL aspects of the structural and dynamical properties 
of proteins are determined by the solvent, which is often 
water. Water determines not only the three-dimensional 
structure of a protein, but also influences its transport 
properties, such as rotational and translational diffusion 
coefficients. Here we investigate and relate the primary 
aspects of the frictional forces imparted by the solvent on the 
proteins. Rotational diffusion of proteins has always attracted
wide interest because of its accessibility by several dif-
ferent experimental techniques1,2. More recently, the rota-
tional diffusion of proteins has attracted renewed attention 
in the light of the measurement of rotational diffusion in 
cellular environment and also due to the advent of new 
experimental techniques such as broadband dielectric 
spectroscopy and time-dependent dielectric spectroscopy2. 
However, theoretical understanding of rotational diffusion 
of proteins even in bulk water remains unsatisfactory. 
 The study of rotational diffusion of proteins in aqueous 
solution has often been based on Debye–Stokes–Einstein 
relation (DSE), 
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If we approximate the protein molecule as a sphere, then 
rotational friction zR is given by Stokes relation, zR = 8phR
3. 
Thus, the DSE equation assumes that the protein has a 
spherical shape, which is often incorrect. There is ambi-
guity about the determination of some average r dius of the 
prot in. If one obtains the radius from the standard mass 
density of the protein (0.73g/cc), values of rotati nal friction 
re much smaller. The dielectric measure nt of South 
and Grant3 showed that the experimental value of the rota-
tional friction of myoglobin could only be explain d by the 
above DSE equation if one assumes a thick hydration layer 
around the protein, thereby increasing the radius of the 
protein. It is now known that spherical approximtion 
embedded in DSE is grossly in error and the shape of the 
protein is quite important. However, even with the more 
recent sophisticated techniques such as tri- xial ellipsoid 
method4 and the microscopic bead modelling technique5,6, 
which take due recognition of the non-spherical shape of 
the macromolecule, agreement with the experim ntal result 
is not possible without the incorporation of a rigid hydration 
layer7. 
 The assumption of a thick, rigid hydration layer to 
augment the rotational friction is ambiguous for the following 
reasons. (i) It has been shown by several studies that there
is no such rigid hydration layer around a protein8. (ii) Proteins 
have a heterogeneous surface with a distribution (almost 
50 : 50) of hydrophobic and polar or charged amino acid 
groups. Interaction of these polar and charged groups 
with the water molecu es surrounding the protein can be 
strong and influential, and certainly different from those 
with hydrophobic residues. Solvation dynamics on the protein 
surface umambiguously pointed out this heterogeneity by 
showing the difference in the lifetime of the hydrogen bond
and orientational correlation time near the hydrophobic 
and hydrophilic residues9. Therefore, it is apparent that the 
concept of a uniform hydration layer is purely ad hoc. (iii) 
A successful modification to the DSE equation of rotational 
friction is the tri-axial ellipsoidal method, in which the 
shape of the protein is assumed to be an ellipsoid. The three 
different axes of the ellipsoid are the principle axes ob-
tained from diagonalized moment of inertia matrix con-
structed using the coordinates of the atoms of the protein. 
However, in order to obtain an agreement with the experi-
mental results, the values of the axes are increased pro-
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portionately by increasing the percentage of encapsula-
tion of the protein atoms inside its equivalent ell psoid10,11. 
A more detailed microscopic approach to the calculation 
of rotational diffusion coeffici nt is the bead modelling 
technique5. This technique replaces the atoms by beads of 
equal sizes and extracts the exact shape of the protein. 
Then the friction is calculated using hydrodynamic equa-
tions. However, exact representation of the shape also is 
not sufficient to capture the complete effect of the rotational 
friction on proteins by the solvent. Similar to the assump ion
of a hydration layer in the case of the DSE and elongation 
of the axes in the case of the tri-axial method, bead sizes are 
increased by more than double in this case (3.0Å instead 
of 1.2 Å) to account for the effect of the hydration layer10. 
 The purpose of the above discussion is to emphasiz  
that while the different approaches of calculation of rot-
tional friction on proteins rely on the additional contribu-
tion from the hydration layer of the protein, it is highly 
approximate. Here we show tat this additional contribu-
tion results from a completely different source and its 
origin is not the shape or size, but the charge distribution 
of proteins, which polarizes the solvent and subsequently 
faces a reaction field from the solvent, giving rise to what 
is known as dielectric friction. The dielectric friction (zDF) 
on a protein has been calculated here using a new theo-
retical formalism using generalized arbitrary charge dis-
tribution model (where the charges are obtained from 
quantum chemical calculation) of the protein. Hydrodnamic 
friction, on the other hand, is calculated with stick boundary 
condition, (zstickhyd) using a sophisticated theoretical technique 
known as the tri-axial ellipsoidal method. Calculation of 
hydrodynamic friction was carried out with only the ‘dry 
volume’ of the protein. Here ‘dry volume’ denotes the volume 
obtained using the total mass and standard mass density 
(0.73 g/cc) of the protein and no hydration layer. We show 
below that the combined effect of hydrodynamic friction 
thus obtained (without the hydration layer) and the dielec-
tric friction together give rise to the total rotational fric-
tion which is in good agreement with the experimentally 
observed value, i.e. ztotal(= zDF + z
stick
hyd) » zexp. In addition, 
we present here an analysis of the size dependence of rota-
tional friction of proteins and discuss the importance of 
friction due to protein–protein interaction. 
 Below, we discuss the results obtained on different aspects 
of rotational friction of proteins. Calculation requ res the 
coordinates of all the amino acid residues of proteins 
which are obtained from the Protein Data Bank (PDB). Partial 
charges on the amino acid residues are obtained by quantum 
chemical calculations using the software Hyperchem. 
Hydrodynamic friction 
The hydrodynamic rotational friction of the protein de ends 
on its shape and size. Hydrodnamic friction on a rotating 
rigid body was first estimated by Debye using the well-
known DSE relation (eq. (1)). Perrin12 extended the DSE 
theory to calculate the hydrodynamic friction for mole-
cules with prolate and oblate-like shapes. Both prolate 
and oblate have two unequal axes. Harding et al.4 further 
extended the theory to calculate the hydrodynamic friction 
using a tri-axial ellipsoid. All the above theories employ 
stick binary condition to obtain the hydrodynamic friction. 
 Tri-axial ellipsoidal technique requires the cons ructi n 
of an equivalent ellipsoid of the protein. We have followed 
the method of Taylor et al.13 to construct an equivalent 
ellipsoid from the moment matrix. The eigenvalues of this 
equivalent ellipsoid are proportional to the square of the 
axes. Thus this method prvides two axial ratios. We then 
obtained the values of the axes using the formula given 
by Mittelbach14: 
 2 2 2 3
1
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5
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where Rg is the radius of gyration and A, B and C are the three 
unequal axes of a particular protein. 
 Once the protein is represented as an ellipsoid with 
three principal axes, the hydrodynamic friction is calculated 
using Harding’s method4,15. The hydrodynamic rotati nal 
friction of the ellipsoidal axes A, B and C is denoted as 
zA, zB and zC. The above rotational friction is obtained 
from the series of equations given below15,
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where h is the viscosity of the solvent. 
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 We have calculated the average of tri-axial hydrodyna-
mic friction by taking a simple mean of the friction along 
three different axes, as given below: 
 
 avTR TR TR TR
1
( ).
3
A B Cz z z z= + +  (4) 
 
The values of hydrodynamic friction, along three principal 
axes (A, B and C) of the ellipsoid and their mean, are 
tabulated in the Table 1. The A, B and C axes are not the 
same as the space-fix d X, Y, Z Cartesian reference 
frame. Note that the values obtained from the tri-axial 
method are much lower than the experim ntal values. Here, 
we can discuss an important aspect of standard hydrodynamic 
approach – hydration layer. One finds that hydrodynamic 
values of rotational friction underestimate the rotational 
friction unless the effect of hydration layer is taken into 
account. However, the effect of hydration layer is usually 
incorporated in an ad hoc manner, by increasing the per-
centage of encapsulation of the atoms inside the ellipsoid10,11.
In this method, once the two axial ratios are obtained 
from the equivalent ellipsoid, the actual values of the 
axes are obtained by increasing the encapsulation of the 
protein atoms inside the ellipsoid. In the calculation presented 
here, the axes are obtained by equating with the radius of 
gyration (eq. (2)). Therefore, we considered no hydration 
layer in this calculation of hydrodynamic frition. Later, we 
will show that this effect of hydration layer comes from 
the dielectric friction. 
Dielectric friction 
Dielectric friction is known to be an important part of ro-
tational friction for polar or charged molecules in polar 
solvent, because of polarization of the solvent medium. 
The solvent molecules, being polarized by the probe, crate 
a reaction field, which opposes rotation of the probe. 
 
 
Table 1. Stick hydrodynamic friction using tri-axial ellipsoid (in 10–23  
  erg-sec) 
Molecule Rg (Å) z ATR z BTR z CTR z avTR 
 
6pti  11.34  57.8  83.4  85.1  75.4 
1ig5  11.36  72.9  78.9  84.9  78.9 
1ubq  11.73  71.2  89.9 94.0  85.0 
351c  11.51  77.3  84.5  85.3  82.3 
1pcs  12.38  78.9  106.5  111.3  98.9 
1a1x  13.47  120.8  127.3  143.8  130.6 
1gou  13.61  103.3  141.7  148.2  131.1 
1aqp  14.45  117.7  171.1  177.0  155.3 
1e5y  13.81  108.9  145.7  155.3  136.6 
1bwi 13.94  106.9  155.4  158.2  140.1 
1b8e  14.70  167.5  172.5  178.2  172.7 
4ake  19.59  298.3  422.7  442.8  387.9 
3rn3  14.31  112.9  166.5  172.2  150.5 
1mbn  15.25  163.7  181.2  210.1  185.0 
6lyz 13.97  107.4  156.1  159.1  140.9 
 Many of the amino acid residues, which constitute the 
protei , are polar or hydrophilic. Therefore, in the aqueous 
solution, a protein and other polar molecules experience 
significant dielectric friction. There exist several theori s16,17, 
which account for the dielectric contribu ion to friction. 
Some of these theories are continuum model calculation of 
a point charge or point dipole rotating within the spheri-
cal cavity. Nee and Zwanzig16 provided an estimate of the 
dielectric friction on a point dipole in t rms of the dipole 
moment of the point dipole, dielectric constant of the solvent, 
Debye relaxation time, and the chos n cavity radius. 
Later, Alavi and Waldeck18 extended this theory to incorpo-
rate the arbitrary multiple charge distribution of the probe
molecule. 
 Dielectric friction on the proteins has been calculated 
from the expression of Alavi and Waldeck18 for arbitrary 
multiple charge distribution model given below: 
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where Rc is the cavity radius, (ri, qi, fi) is the position vec-
tor with respect to the centre of mass of the protein and qi 
is the partial charge of the ith atom. Pml  (cos(qi) is the Legen-
dre polynomial. The maximum value of l sed in the Leg-
endre polynomial is 50. es is the static dielectric constant 
of the solvent. Since the solvent here is water, es is taken 
to be 78 and the Debye relaxation time tD is taken as 8.3 
picosecond (ps). 
 Partial charges (qi) of the atoms constituting the pro eins 
have been calculated using the extended Huckel model of 
the semi-empirical calculation package of Hyperchem soft-
ware. The dielectric friction is calcul ted on each of the 
atoms in a protein. Rotati n l friction around X, Y and Z 
direction is calculated by changing the labels of the atom 
coordinates. The average dielectric constant z avDF is the 
simple mean of the dielectric friction along X, Y a dZ direc-
tion. Here X, Y, and Z denote the space fixed Cartesian 
coordinates of the proteins, as obtained from PDB19. 
 Table 2 shows the values of dielectric friction along the 
X, Y, Z direction and their average. Continuum calcula-
tion method of dielectric friction formulated by Alavi and 
Waldeck18, is dependent on the cavity rd us and has been 
discussed in detail. They calculated the cavity radius from 
the observed orientational relaxation time of the organic 
molecules. The ratios of the longest bond vect r of the 
organic molecules to the cavity radius ranged from 0.75 
to 0.85. In Table 2, calculations of dielectric friction are 
performed using the cavity radius such that the ratio of 
the longest bond vector to the cavity radius is 0.75. 
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 In Table 3, we compared the average dielectric friction 
for the two above ratios – 0.75 (denoted as z0.75DF ) and 0.85 
(denoted as z0.85DF ). z
0.85
DF  is always larger than z
0.75
DF , since 
shorter cavity radius will put the charges close to the surfac 
of the cavity, thereby increasing the polarization of the 
solvent and hence the rotational friction of the molecule. 
Total friction and rotational diffusion 
We now define the total rottional friction as the sum of 
dielectric friction (z avDF) and the hydrodynamic friction 
without the hydration layer (i.e. tri-axial friction, z avTR) as 
given below20: 
 
 ztotal = z
av
DF + z
av
TR. (6) 
 
Diffusion coefficients are obtained from eq. (1). In Table 
4, we have shown the values of the average dielectric (z avDF), 
 
 
Table 2. Dielectric friction (in 10–23 erg-sec). Cavity radius is chosen 
such that the ratio of the longest bond vector (Rmax) of the protein to the 
  chosen cavity radius (RC) is 0.75 
Molecule RC (Å) zXDF zYDF zZDF z avDF 
 
6pti  29.5  17.8  13.2  18.1  16.4 
1ig5  26.1  43.3  36.6  39.1  39.7 
1ubq  34.3  18.1  18.3  21.8  19.4 
351c  25.5  52.3  41.0  41.9  45.1 
1pcs  27.2  90.5  51.3  66.1  69.3 
1a1x  33.1  63.0  68.9  49.5  60.5 
1gou  32.2  43.8  67.8  103.6  71.7 
1aqp  35.3  44.5  71.1  132.1  82.6 
1e5y  33.1  98.9  70.6  89.9  86.5 
1bwi 35.7  78.3  60.5  108.1  82.3 
1b8e  33.5  113.3  112.2  110.5  112.0 
4ake  50.3  76.1  170.8  123.4  123.4 
3rn3  35.0  118.8  89.0  56.8  88.2 
1mbn  28.0  170.7  162.0  160.6  164.5 
6lyz 34.0  101.8  77.6  144.0  107.8 
 
 
Table 3. Cavity size dependence of  
 the dielectric friction (in 10–23 erg-sec) 
Molecule  z0.75DF  z0.85DF  
 
6pti  16.4  25.7 
1ig5  39.7  61.3 
1ubq  19.4  30.3 
351c  45.1  69.3 
1pcs  69.3  111.0 
1a1x  60.5  96.4 
1gou  71.7  114.6 
1aqp  82.6  132.3 
1e5y 86.5  136.4 
1bwi 82.3  128.9 
1b8e  112.0  174.1 
4ake  123.4  211.7 
3rn3  88.2  138.1 
1mbn  164.5  263.1 
6lyz 107.8  172.7 
and hydrodynamic (z avTR) friction. Total friction (ztotal) de-
fined above, is also shown in Table 4. To compare with 
the experimental results, we have shown the experimental 
values of the rotational friction. Note here that while total 
friction, which is the contribution from both dielectric 
and hydrodynamic friction, is close to the experimental 
result, microscopic bead modelling predicts the result 
which is close to exp rimental value by itself6. The last 
column in Table 4 shows references from which the experi-
mental results are obtained. 
 The similarity between the total friction and experi-
mental friction is shown in Figure 1, where we have plotted 
the experimental values of rotational friction against the 
total friction for a large number of proteins. For most of 
the proteins, the results fall on the diagonal line.
 From the above results, we can conclude that the sum 
of dielectric friction and hydrodnamic friction of the dry 
protein is approximately equal to the experimental rsults20. 
 
 ztotal » zexp. (7) 
Analysis of size dependence of rotational  
diffusion of proteins 
There are several techniques by which one can measure 
the rotational diffusion of proteins21. These are dielectric 
dispersion and relaxation, nuclear magnetic and nuclear 
quadrupole relaxation, ESR line shapes, picosecond pulse 
techniques, neutron, Raman and depolarized light scatterin  
(DLS), fluorescence depolarization (FD), etc. Since these 
techniques often measure somewhat different quantities, 
the results are also different. For example, dielectric relaxa-
tion measures the relaxation of the total dipole mom nt of 
the protein solution, while fluorescence depolarization 
studies the relaxation of the second-rank spherical harmo-
nic of a suitably placed probe in protein. The experimental 
 
 
 
Table 4. Comparison between total friction and experimental results.  
  (Results given in 10–23 erg-sec) 
Molecule z avDF z avTR ztotal zexp Reference 
 
6pti  16.4  75.4  91.8  96.8  29 
1ig5  39.7  78.9  118.6  125.0  30 
1ubq  19.4  85.0  104.4  118.9  31 
351c  45.1  82.3 127.4  130.1  32 
1pcs  69.3  98.9  168.2  149.5  33 
1a1x  60.5  130.6  191.1  241.9  34 
1gou  71.7  131.1  202.8  191.3  35 
1aqp  82.6  155.3  237.9  186.1  36 
1e5y  86.5  136.6  223.1  190.4  37 
1bwi 82.3  140.1  222.4  203.6  38 
1b8e  112.0  172.7  284.7  270.6  39 
4ake  123.4  387.9  511.3  478.2  40 
3rn3  88.2  150.5  238.7  235.0  41 
1mnb  164.5  185.0  349.5  246.3  3 
6lyz 107.8  140.9  248.7  172.8  42 
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results quoted here are from 15N relaxation study, FD and 
DLS. 
 In Figure 2, we have plotted th  experimental results of 
rotational diffusion (DER
XP) against the radius of gyration 
of proteins – the latter is calculated from the X-ray or NMR 
structure of the protein. The valu s of DER
XP can be fitted 
to a power-law expression as follows: 
 
 DR = PR
–a
g , (8) 
 
where P is the prefactor. The above equation becomes the 
same as eq. (1) if P = B
8
k T
ph  and a = 3.0. At 293 K, and in 
water, the value of P from the DSE is equal to 16.1 ´  10–14. 
 
 
 
 
Figure 1. Combined friction from hydrodynamic and dielectric plot-
ted against experimental results. Solid line shows diagonal to guide the 
eye. 
 
 
 
 
Figure 2. Experimental rotational diffusion (DERXP) coefficients are 
plotted against the calculated Rg for some proteins. Circles show ex-
perimental values and solid line is the power law fit with an exponent 
2.75. (Inset) Squares show plot of DERXP against radius of the protein ob-
tained from total mass. Solid line is a power-law fit, with an exponent 
2.92. 
The exponent a obtained from the fitting (shown in Figure 3) 
is 2.75 and P = 5.02 ´  10–14. 
 Our work was further motivated by a recent report that 
Rg can provide a useful measure for structure determina-
tion22. The study showed that Rg values calculated from 
NMR and X-ray structures of the protein are almost similar. 
In a globular protein, Rg can be predicted with reasonable 
accuracy on the basis of the number of amino acid resdues 
using the following relationship23: 
 
 Rpredictg     = 2.2Nz
0.38
R   , (9) 
 
where NR is the number of residues in a protein. It has 
been shown byHuang and Powers22 that Rpredictg     » Rg. Now 
using eqs (8) and (9), we can obtain the relation between 
the rotational discussion coefficients of a protein with the 
number of residues as given blow: 
 
 DR = P 2.2
–aN–bR , (10) 
 
where b » 1. 
 Thus, 
 DR µ 
R
1
.
N
 (11) 
This result was not expected for a globular protein, especially 
in view of the failure of eq. (1). Therefore, we have also 
fitted the experimental results to the radius and found a 
similar correlation (shown in the inset, Figure 2) with  
radius R, where R is calculated from the exact mass along 
with the mass density of 0.73 g/cc. The fit is quite good with 
exponent 2.92, instead of 3. The prefactor is substantially 
different from the one given by the DSE r lation (eq. (1)). 
 The above fit reminds one of the argument put forward by 
Zwanzig and Harrison24, who observed that one should 
use an effective hydrodynamic radius when employing 
the simple Stokes expression to calculate the transport proper-
ties. We show below that accurate methods developed re-
cently, can indeed reproduce the weaker than R–3 dependence 
of rotational diffusion on Rg. 
 The size, shape and charge distribution of proteins give 
rise to two different contributions to the rotational friction. 
The former is called hydrodynamic friction, while the lat-
ter is known as dielectric friction. We now discuss the 
methods involved in the calculation of the above two dif-
ferent contributions to rotational friction. 
 In Figure 3, we have plotted the average dielectric and 
hydrodynamic friction against radius for various proteins. 
Frictional values obtained from experiments are also plotted
in the same graph for comparison. Note that while hydro-
dynamic friction has the predictable dependence on radius 
of the protein, dielectric friction behaves differently. 
This is expected since dielectric friction arises from the 
charge distribution and electric field, not directly relat d 
to the size or the shape of the protein. As shown earlier, 
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the combined effect of dielectric and hydrodynamic friction 
equals to the rotational friction calculated using experi-
ments. Figure 4 plots the rotational diffusion coefficient 
obtained from both experiment and theory, against radius 
of the protein. Note the satisfactory agreement, particularly 
in view of the fact that we have used no adjustable para-
meter. 
Effects of protein–protein interactions on  
rotational diffusion 
Protein molecules are typically much larger in size than 
the solvent water molecules. They are, however, smaller than 
typical colloids where hydrodynamic interaction (HI) is
important in determining viscosity. However, the size of 
th  proteins is sufficiently large to make the effects of HIs 
important. In addition, protein side chains are charged 
and polar. This means that two protein molecules can interact 
via the Coulombic force, which is long-ra ed. Therefore, 
we can immediately identify two sources of interaction among 
proteins which can affect rotational diffusion of proteins. 
We can approximately address the effects of HI by combi-
ning Einstein’s relation for viscosity with friction. Ein-
stein’s relation for viscosity augmentation due to HI is 
given by25: 
 
 20
5
( ) ( ),
2
Oh f h f f= + +  (12) 
 
 
 
Figure 3. Rotational friction coefficients obtained from the experiment, hydrodynamic and dielectric 
friction plotted against radius for some proteins. 
 
 
 
Figure 4. Experimental rotational friction coefficients and total friction plotted against radius. 
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where f is the volume fraction of proteins and h0 is the 
viscosity of neat water. The above expression assumes no 
specifc interaction between the solute and the solvent25. 
Thus, the above equation predicts an increase in rota-
tional friction and decrease in rotational diffusion with 
concentration. 
 HI is a dynamic effect. The effects of static interaction 
due to charged andthe polar groups on the protein surface 
are more difficult to account for. qAi and qBj denote the 
charges of the ith and jth atoms of protein A and B res-
pectively. rAi and rBi denote the position of the ith atom 
of protein A and B respectively. The Coulombic interac-
tion between the two proteins can be written as: 
 
 
,
( ) ,
| |
Ai Bj
AB
i j Ai Bj
q q
V R
e
=
-å r r  (13) 
 
where we have assumed the pro ein molecule to be spherical, 
for this part of the discussion. Here e is the static dielectric 
constant of water. 
 At low concentration, when protein molecules are far 
away from each other, w can replace the discrete charges 
by a dipole mo ent placed at the centre of the sphere. 
Dipole moments of protein molecules has been computed 
in several studies8. It can also be calculated by semi-
empirical methods. The value of the dipole moment is 
quite large for proteins, reflecting the presence of many 
polar and charged groups. Thus, if we assume a dipole–
dipole interaction, then we can define the usual dimension-
less interaction parameter 3Y = mP
2rp/3ekBT, where rP is the 
number density of protein molecules in solution26. Since 
mP is large, this value can be significant even at low protein 
concentration. 
 Since the protein rotation is much slower and expected 
to be decoupled from solvent dynamics, we can calculate 
the dielectric friction due to inter-pro in interactions using 
a molecular theory, like a mode coupling theory of rota-
tional dielectric friction27. Note that a continuum model 
calculation will fail to incorporate this effect as it will get 
masked by the contribution of water to dielectric frction. 
However, a molecular theory can include only the inter-
protein correlations. Detailed calculation of this friction 
using mode coupling theory is under progr ss. 
 However, one can draw a few conclusions from theoretical 
considerations straightaway. The rotational correlation 
function of the protein may exhibit a slow decay due to 
interprotein interactions. The effect of this slow decay on 
total friction is not negligible. 
Conclusion 
Let us first summarize the main results of this work. We 
have calculated the rotational diffusion of a large number of 
proteins using Einstein’s relation which correlates the ro-
tational friction to the rotational diffusion constant – the l tter 
is related to the experimentally observed rotational corre-
lation time by a well-known expression. Next, we have 
assumed that the total rotational friction can be decompos d 
into a sum of two terms – the hydrodynamic frition and 
the dielectric friction. We have calculated the hydrody-
namic rotational friction on proteins using the tri-axial ellip-
soid method, formulated by Harding et al.4, and the 
dielectric friction using the generalized charge distribution 
model derived by Alavi and Waldeck18. The hydro-
dynamic friction is calculated without the inclusion of 
any hydration layer. We have found that the combined effect 
of dielectric and hydrodynamic friction gives an estimate
which is surprisingly close to the experimental result. This 
approach seems to provide a microscopic basis for the 
standard hydrodynamic approach, where a hydration layer 
is added to the protein in an ad hoc manner, to calculate 
rotational friction. 
 In addition, we have shown using experim ntal results 
and two different theoretical techniques that the total ro a-
tional diffusion coefficients scale with radius of gyration.
Exponent of the power law fit varies from 2.75 to 2.9. Data 
can also be fitted to a variation in the effective radius with
similar power law. However, the prefactor obtained by fitting 
is qui  different from that predicted by the DSE. Using 
the relation of radius of gyration and the number of resi-
dues for a globular protein, we have shown that rotational 
diffusion coefficient is inversely proportional to the num-
ber f residues for a globular protein. 
 The weaker dependence of rotational friction on the radius 
(of gyration) may be due to several factors. First, the larger 
proteins are usually more oblate than prolate. Second, the 
side chains of the protein molecules are mobile on the 
timescale of rotation. This is an interesting problem for 
study. Use of the stick boundary condition may itself be 
fl wed. It seems to compensate for the neglect of the dielec-
tric friction. It is notable that the success of the micro-
scopic bead modelling technique depends critically on the 
enhanced size of the protein. This is another interesting 
issue that remains to be explored. 
 The calculations adopted here are still not without limi-
tations. The continuum calculation of dielectric friction is 
dependent on the assumed a cavity radius. Unfortunately, 
there is yet no microscopic basis to assume  certain value 
of the cavity radius for the calculation of dielectric friction. 
Moreover, the effect of increasing dielectric constant of 
he solvent from the vicinity of the protein to the bulk is not 
taken i to account by Alavi and Waldeck18. Thus, we 
have attempted to incorporate a multi-shell model to in-
corporate multiple shells with varying dielectric con-
stants. 
 Similarly, the tri-axial method still suffers from the 
lack of microscopic basis to determine the exact values of 
the axes respectively.  
 A potentially powerful approach to the problem is the 
mode coupling theory27, which uses the time correlation 
formalism to obtain the memory kernel of the rotational 
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friction. The total torque is separated into two parts – a short-
range part (which is called the bare friction Gbare) a d a 
long-range dipolar part. The advantage of mode coupling 
theory is that it does not depend on any parameter. It uses 
a time-dependent effective potential field in terms of den-
sity distribution and direct correlation function. For a 
spherical ion, this potential can be given by27, 
 
 eff( , , )V tW =r d ( , , ) ( , , ).Bk T r d c r trW¢ ¢ ¢ ¢ ¢ ¢- W - W W Ñ Wò r r   
  (14) 
 
The torque density is then expressed as: 
 
 Nc(r, W, t) = n(r, W, t)[–ÑWVeff(r, W, t)], (15) 
 
where n(r, W, t) is the number density of the tagged particl . 
The rotational friction comes from the torque–torque cor-
relation function. The final expressions of the single par-
ticle (Gs) and collective friction (Gc) are given by
28: 
 
 
1 2 2
1 2
2 2
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 (17) 
 
where A = r/2(2p)4. cl1l2m is the l1l2mth coefficient of the 
two-particle direct correlation function between any two 
dipolar molecules. F sl1l2m and Fl2m(k, t) are the single particle 
and collective orientational correlation functions respec-
tively. 
 Equations (13) and (14) are the standard mode coupling 
theory expressions for rotational friction. They have to be 
solved self-consistently. In the overdamped limit, the self-
dynamic structure factor is expressed as: 
 
 
1
( 1)
( , ) ,
( )
s B
lm
s
k Tl l
F k z z
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 (18) 
 
and the collective dynamic structure factor is given by, 
 
 
12( ) ( 1) ( )
( ) ,
( ) ( )
c B llm B llm
lm lm
c T
k Tf k l l k Tk f k
F F k z
I z M z
-
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 (19) 
 
where fllm(k) = 1–(–1)
m(r/4p)cllm(k). I and M are moment of 
inertia and mass of the dipolar molecule respectively. 
GT(z) is the frequency-dependent translational friction.  
 The difficulty of applying such a formalism to calculate 
friction on protein is manifold. First, one needs to obtain 
the protein–water direct correlation function. Sec d, the 
k-space description itself may not be appropriate, or needs 
modification. 
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